INTRODUCTION AND BACKGRO•D
The purpose of this paper is to explore the mean structure of the large-scale atmospheric events which force the spring and fall transitions in the coastal ocean off the west coast of North America. The term "spring transition" is used here to denote the sudden onset of the spring/summer upwelling regime in the coastal ocean. The "fall transition" is the reverse process, that is, the onset of the fall/winter downwelling regime.
The spring transition typically occurs over the period of a week [Huyer et al., 1979; Breaker and Mooers, 1986; Lentz, 1987; Wickham et al., 1987; Strub et al., 1987a] . During the transition, coastal sea levels drop, alongshore surface currents become southward, and surface temperatures decrease due to the onset or increase in the strength of upwelling. The low sea level and southward current appear to be persistent off central Oregon but more intermittent off California [Strub et al., 1987a , b] (hereinafter referred to as S1 and S2). North of approximately 38øN the onset of the transition is coincident with a several day period of strong, southward winds, and the transition in that region is generally thought to be a wind- [1983] suggest that the southward alongshore pressure gradient which opposes the northward wind in winter acts in concert with the sudden onset of southward winds after the spring transition to produce a response in the ocean that appears stronger than the wind forcing.
Although the fall transition has not been as well studied as the spring transition, results from 1980 off Oregon suggest a gradual transition in coastal ocean conditions over several months [Reid, 1987] rather than the week-long transition seen in spring. A more gradual fall transition is also suggested by Wickham et al. [1987] using data from 1978-1980 off central California and by S1 using data from 1981-1982 off California and southern Oregon. The driving mechanism for the fall transition is presumed to be a sequence of storms, typically beginning in September with greater wind stress in the north [Reid, 1987] . Hickey [1989] points out that the seasonal growth of the poleward undercurrent over the upper slope reaches a maximum in late summer off Washington when poleward flow also occurs over the shell Thus the return to conditions similar to fall and winter in the coastal ocean may begin independently of the local wind. S1 used 9 years of sea level and wind stress data from six stations covering the region between 33.7øN and 48.5øN to filtered (half power at 46 hours) to eliminate tides and the diurnal cycle and decimated to daily values. A linear trend, caused mostly by changing tide gauge elevations, was removed from each complete 1971-1975 and 1980-1983 record. The period covered by these sea level data limits the analysis of atmospheric data to these 9 years. Daily fields' of sea level ressure (SLP) and surface winds were obtained from the Fleet Numerical Oceanography Center (FNOC) for the northern hemisphere on a grid with approximately 380-km resolution. These were interpolated to a 5 ø grid. The pressure fields are calculated by FNOC from a "blend" of pressure and wind observations [Mendenhall et al., 1977] . The FNOC winds are calculated geostrophically by FNOC from the pressure fields, then reduced in magnitude and rotated according to a variable boundary-layer parameterization [Mihok and Kaitala, 1976] . We converted wind components to wind stress using a constant drag coefficient of 1.3 x 10-3. These wind stresses were interpolated to the six tide gauge locations, and the principal axes of the wind stress were found. Previous studies have found measured winds to be strongly polarized in the alongshore direction; winds derived from atmospheric pressure fields are less strongly polarized but enough so that the component along their major axis is most closely correlated with the alongshore component of the measured wind [Halliwell and Allen, 1987] . In this study the component along the major axis at each tide gauge location is used to represent the coastal, alongshore wind stress. Daily 500-mbar heights from the National Meteorological Center were also obtained and interpolated to the same 5 ø grid as the SLP and FNOC winds.
METHODS
Sea level data from Crescent City were used to define the date of the spring transitions for each of 9 years by S1. These same dates for the spring transitions are used here. Sea level data from South Beach were used to define the date of the fall transition, since the transition appears more clearly in the northern locations. In general, the dates of the transitions correspond to the time when the sea level changes sign and stays positive or negative for more than 10 days. Some subjectivity is involved in picking these dates; sea levels from neighboring The statistical characteristics of the data were examined by combining the 91-day records for the individual years to form 819-day records for each type of data. Empirical orthogonal functions (EOFs) were found from these 819-day records. The time series associated with the spatial EOF functions were used to look at the correlations between the major patterns of variability in the data. Decorrelation time scales for each of the variables were formed by integrating their lagged autocorrelation functions (formed from the 91-day records). These time scales were mostly in the range of 1.5-3 days. A value of 3 days was chosen as a conservative estimate of the decorrela- For the case where six modes were examined the time series and spatial pattern of one of the modes (the sixth) did resemble the pattern expected for the spring transition, but there was no justification for choosing this mode other than its resemblance to the expected pattern. When more or fewer than six modes were rotated, this apparent spring transition mode was lost.
The method of principal estimator patterns (PEP), also known as canonical correlation analysis [Hotelling, 1936] , proved to be the most useful method of showing the connection between the SLP fields and coastal ASL or wind stress. This method has been used by Davis [1977 Davis [ , 1978 to relate EOFs of one variable to those of another for the purpose of forecasting. By forming correlations of the time series of the two sets of EOFs a new series of ordered pairs of spatial functions are found for the two variables, with a single time series associated with each pair of spatial functions (one spatial function for each variable). Graham and White [1988] use this method to relate patterns of wind stress, sea surface temperature, and model pycnocline depths during the E1 Nifio. We use it similarly to find the spatial patterns of SLP that share common time series with patterns of ASL and alongshore wind stress, rather than using the method to predict one variable from another.
The seasonal cycle was not removed before forming the composites, EOFs, PEPs, or correlations. If an annual harmonic were removed, the idealized signature of the transitions would change from a square step function to a sawtooth function. Since the purpose of the investigation is to determine whether the seasonal cycle actually consists of a more steplike transition and to examine the persistence of the change in state, the seasonal cycle was retained. This results in artificially higher correlations between all variables, which should be kept in mind when interpreting the results. They also show the coincident deepening of a low-pressure system over the southwest. Does the rapid change in atmospheric pressure at the surface correspond to a change in the upper atmospheric circulation9. The seasonal progression of 500-mbar heights is seen in Figure 5 , where 45-day averages of these composites are presented, covering the periods immediately before and after the transition. These correspond (roughly) to the picture seen in SLP in the top and bottom panels in Figure 4a . The flow is stronger prior to the transition and more zonal, especially south of 30'•N. There is a trough in the western Pacific at the western edge of the figure, upstream of the center of the surface low pressure, and a ridge over western North America. The major changes after the transition are the northward movement and spreading of the contours over North America, the movement of the trough from the northwest to the northeast Pacific, and the development of a trough over the west coast of the United States south of 40øN. The troughs in the northeast Pacific and over the continent correspond to surface low pressures seen in Figure 4a . The development of the region of low pressure over the continent is coincident with the development of a diffluent flow over western North America (the term "diffluent flow" is used hereinafter to indicate the region of divergent streamlines where the 500-mbar jet spreads out and decelerates, as seen over the western United States at the bottom of Figure 5 ). Figure 6 shows 5-day averages of 500 mbar heights covering the period from 10 days before to 5 days after the transition, the same periods for which SLP is shown in Figure 4c . The striking feature is the development of a ridge and trough pattern centered over the regions of surface high and low pressure. This is similar, in some respects, to the atmospheric blocking pattern which occurs periodically over the North Pacific, as described by Shukla and Mo [1983] . In this case, however, the ridge is located farther south than the normal winter blocking ridges, which are usually centered between 50ø-70øN. This ridge is also not as strong as those described in the literature, at least in this composite, and does not persist in the ensemble averaged 5-day means beyond the period following the transition. Instead, the ridge disappears and is replaced by the pattern shown by the bottom panel of (Figure 11, top) is not as strongly divergent over the coast as it was after the spring transition (Figure 5, bottom) . This is mostly due to the lack of a strong trough over the coast south of 40øN before the fall transition. Figure 12 
Validity of the Composites = Interannual Variability
The use of ensemble-averaged composite events brings out the underlying simple structure of similar events. It has the weakness, however, of masking a great deal of variability in the individual events and in the worst case may create the appearance of structure where none exists. This could be especially true in the present case. One can imagine a signal composed of a synoptic (3-10 day) periodicity superimposed on a seasonal cycle. Choosing a synoptic event at the time of the maximum rise in the seasonal cycle on each year and compositing the data around the start of the synoptic event could result in a composite showing a sharp transition. In this section we present data from individual years in an effort to assess whether the transitional nature of the composite is evident in individual years. Interannual variability in the sea level signal can be seen in Figures 1 and 3 . Considering the 91-day periods surrounding the transitions, Figure 1 shows that the oceanic transitions are often quite sharp, persisting for at least 15 days and usually longer. It is usually (but not always) easy to distinguish the transition event from previous events in spring but is more difficult in fall. In general, the composite (9-year mean) time series for the first EOF of ASL (Figures 7 and 13) is a valid representation of the nature of the transition events on individual years, especially in spring.
Interannual variability in the large-scale SLP and the representativeness of the 9-year composite can be seen in the time series of the first SLP-ASL PEP mode for the individual years ( Figure 18 ). There appears to be more variability in the atmosphere prior to the transition than in the sea level (Figure 1 -50øN and 120ø-160øW (Figures 4  and 9) . A more gradual increase in pressure over the largerscale North Pacific also occurs over a period of 1-2 months, as seen in the first two EOFs of SLP (Figure 8 ). In the 5 days prior to the transition the Aleutian low strengthens at the same time that the high pressure builds off California, resulting in an increase in the upward-to-the-north slope of coastal sea level just before the transition (Figure 15 ). The expansion of the high pressure in the 5 days following the transition coincides with a ridging of the 500-mbar height field over the high pressure (Figures 16 and 17) . This ridge does not persist beyond the 5-10 days following the transition; rather, the 500-mbar flow evolves into a stronger diffiuent pattern over the continent of North America than existed prior to the transition, downstream of strong zonal flow over the NE Pacific (Figures 5 and 17) . The SLP pattern after the transition resembles a double dipole, with low SLP north of high SLP in the NE Pacific and high SLP north of low SLP over the continent (Figures 16 and 17) . This pattern persists in the ensemble 9-year mean over the next month and a halfi We suggest that the relative persistence of the high SLP in the NE Pacific is due to the stability of the larger-scale pattern consisting of the double dipole of SLP and the diffiuent jet at 500 south and rise in the north during the steepening that precedes the transition, then sea level drops rapidly everywhere during the 2 days following the transition. The response is such that the relative alongshore slope between SF and NB (37ø-48øN) is nearly gone 2 days after the transition (Figure 15) . A small upwelling-favorable slope remains in that region (2 cm over 1200 km) after the transition, and this may be underestimated slightly due to the omission of the long-term mean slope. A stronger downwelling-favorable slope develops in the south between LA and SF (4 cm over 450 km), which may again be an underestimate. This downwelling-favorable slope may explain the weaker response in alongshore currents in the south seen by S1.
Fall Transition
The atmospheric pattern associated with the oceanic fall transition is that of a synoptic storm. The Aleutian low deepens and expands southward (Figures 10 and 14) under a 500-mbar trough (Figures 11, 12, and 16 ). In the 9-year ensemble mean this has the appearance of a monotonic transition, shifting the 500-mbar jet southward. Examination of the first PEP time series from individual years, however, reveals greater variability than during the spring transition ( Figure  18 ). Although some years have a transitional appearance, the general pattern is that of synoptic scale variability superimposed on a gradual seasonal progression.
In the oceanic regime there are both gradual and abrupt aspects. By the time of the fall transition in late October through early November, sea levels have risen to a point half way between their May low and winter high (first EOF time series in Figure 2 ). An upward-to-the-south alongshore relative slope in sea level is concentrated between SF and SB before the transition (Figure 15 
